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SOLVENT REFINED L I G N I T E  AND SOLVENT REFINED COAL STRUCTURAL FEATURES. 
COMPUTERIZED METHODOLOGY DEVELOPMENT. 

N .  Wookey, R. B a l t i s b e r g e r ,  K.  Klabunde, V. Stenberg,  and R. Kaba. 
Department of  Chemistry, Univers i ty  of North Dakota, Grand Forks,  N . D .  58202 

In t roduct ion  

Recent emphasis on t h e  development of new energy sources  has  l e d  t o  
increased  i n t e r e s t  i n  hydro t rea t ing  of c o a l s . '  Treatment of  c o a l s  a t  h igh  
temperature and p r e s s u r e  with hydrogen o r  water  and carbon monoxide o r  
bo th  i n  c e r t a i n  v e h i c l e  so lvents  r e s u l t s  i n  t h e  p a r t i a l  "depolymerization" 
and reduct ion  of coa l .  The r e s u l t i n g  products ,  s o l v e n t  r e f i n e d  c o a l s  (SRC) , 
which a r e  f reed  of s o l v e n t  and ash by coupled f i l t r a t i o n  o r  e x t r a c t i o n  pro- 
cesses ,  have lower molecular  weights ,  h igher  hydrogen and RTU c o n t e n t s ,  
less s u l f u r  and i n  genera l  g r e a t e r  s o l u b i l i t y  i n  so lvents .  
make SRC's  d e s i r a b l e  b o i l e r  f u e l s  as w e l l  as r e a c t a n t s  f o r  f u r t h e r  hydro- 
gena t ion  t o  premium l i q u i d  f u e l s  and chemical feeds tocks .  

These p r o p e r t i e s  

AS p a r t  of our  o v e r a l l  i n t e r e s t  i n  l i g n i t e ,  w e  have begun a s t r u c t u r a l  
i n v e s t i g a t i o n  of s o l v e n t  r e f i n e d  low rank c o a l ;  l i g n i t e  o r  SRL. SRL has  
p r o p e r t i e s  similar t o  SRC. 
i n v e s t i g a t e d  by t h e  powerful gas  chromatography - mass s p e c t r a l  methods 
because of t h e i r  non-vola t i le  na ture .  Therefore ,  we have sought a l t e r n a t i v e  
genera l  methods f o r  c h a r a c t e r i z i n g  s o l u b l e  b u t  non-vola t i le  samples such  
as SRC and SRL. This  communication d e s c r i b e s  experimental  t echniques ,  
r e s u l t s ,  and a computerized modeling method f o r  t h e  chemical c h a r a c t e r i z a -  
t i o n  of non-vola t i le  c o a l  der ived  m a t e r i a l s .  

S R C ' s  and SRL's cannot r e a d i l y  be s t r u c t u r a l l y  

Because SRL and SRC a r e  s o l u b l e  i n  many s o l v e n t s ,  a wide v a r i e t y  of 
a n a l y t i c a l  techniques can be  appl ied  t o  these  samples which a r e  n o t  a v a i l a b l e  
f o r  t h e  s tudy of i n s o l u b l e  mixtures  l i k e  c o a l  i t s e l f .  These techniques i n c l u d e :  
nmr, s o l u t i o n  i r ,  and uv spectroscopy,  molecular  weight de te rmina t ion ,  and 
non-aqueous t i t r a t i o n .  In our work t h e  d a t a  obtained by t h e s e  measurements 
are cor re la ted  by means of a computerized modeling technique t o  g i v e  a b e t t e r  
understanding of t h e  average s t r u c t u r a l  and f u n c t i o n a l  group makeup of SRL. 
W e  hope t h a t  eventua l ly  t h e  method w i l l  develop i n t o  a rap id  procedure f o r  
gross  c h a r a c t e r i z a t i o n  of organic  m o i e t i e s  i n  SRL and SRC, wi thout  t h e  
necess i ty  of ted ious  s e p a r a t i o n  procedures  (or  a t  l e a s t  minimize t h e  
separa t ions  needed). 

Resul t s  

The a n a l y t i c a l  d a t a  f o r  SRL'S prepared from a number of d i f f e r e n t  re-  
f i n i n g  or  v e h i c l e  s o l v e n t s  a r e  given i n  Table 1. Although our focus is on  
SRL ana lyses ,  SRC samples from both  bituminous and l i g n i t e  c o a l s  a r e  included 
i n  Table 1 f o r  comparison. A s  can be seen by comparing t h e  a n a l y t i c a l  d a t a  
f o r  l i g n i t e ,  an i n c r e a s e  i n  carbon and hydrogen content  of SRL over  l i g n i t e  
wi th  a corresponding decrease  i n  oxygen and a s h  is apparent .  The same 
holds t r u e  f o r  SRC bituminous c o a l .  

The oxygen and n i t r o g e n  f u n c t i o n a l i t i e s  are important  t o  f u r t h e r  
upgrading of SRL. 
Consequently, t h e  a c i d i t y  and b a s i c i t y  of SRL were determined by 

The l a t t e r  element is  a well-known c a t a l y s t  poison.3 
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PO en ionmetr ic  t i t r a t i o n s .  The r e s u l t s  a 
a func t ion  of v e h i c l e  so lvent  t o  a degree.  

e summarized i n  Table 2 and a r e  
The a c i d i c  and b a s i c  t i ters of 

t h e  v e h i c l e  s o l v e n t s  themselves  a s  w e i l  as f o r  SRC a r e  included i n  Table  2 
f o r  comparison. The r e s u l t s  of  t h e  a c i d  titrations were reasonably 
reproducib le  (1% standard  d e v i a t i o n  on average)  and t h e  a c i d i t y  of SRL 
prepared from t h e  same s o l v e n t  and l i g n i t e  sample (CAO runs  504 and 505) 
a r e  near ly  i d e n t i c a l ,  The genera l  appearance of t h e  t i t r a t i o n  curves was 
s i m i l a r  t o  t h a t  of t h e  t i t r a t i o n  curve of phenol done i n  t h e  same manner 
and d i f f e r e n t  from t h a t  of a mixture  of phenol and benzoic  a c i d .  This  
suggested a very  low c a r b o x y l i c  a c i d  conten t  i n  SRL, which w a s  a l s o  t h e  
conclusion from I R  s t u d i e s  ( c f .  later d i s c u s s i o n ) .  

The t i t r a t i o n s  f o r  b a s i c  groups w e r e  no t  as  reproducib le  (2% s tandard  
devia t ion  on a v e r a e e ) ,  b u t  p r e c i s i o n  was considered adequate  cons ider ing  the  
low content  than t h e  SRC. Both t h e  a c i d i t y  and t h e  b a s i c i t y  of t h e  SRLs 
p a r a l l e l e d  t o  some degree the  oxygen and n i t r o g e n  content  of t h e  SRL. 

With t h e  except ion  of  t h e  run  using Exxon HAN t h e r e  i s  a rough cor re-  
l a t i o n  between t h e  number of a c i d i c  and b a s i c  groups i n  t h e  SRLs. The 
g r e a t e r  t h e  a c i d i t y  the g r e a t e r  t h e  b a s i c i t y .  Furthermore, a s i m i l a r  
c o r r e l a t i o n  between s o l v e n t  a c i d i t y  and SRL a c i d i t y  and between s o l v e n t  
b a s i c i t y  and SRL b a s i c i t y  e x i s t s .  This  impl ies  t h a t  p a r t  of t h e  a c i d i t y  and 
b a s i c i t y  of  t h e  SRL is der ived  from t h e  r e f i n i n g  so lvent .  This  i s  a f a c t o r  
which must be considered i n  f u r t h e r  r e a c t i o n  s t u d i e s  where these  func t iona l -  
i t i e s  a r e  i n f l u e n t i a l .  

For a more d e t a i l e d  examination of one p a r t i c u l a r  SRL sample, t h e  one 
prepared using c h i l l e d  anthracene o i l  (CAP) a s  t h e  r e f i n i n g  s o l v e n t  w a s  
s e l e c t e d  because of the r e l a t i v e l y  l a r g e  amount a v a i l a b l e .  
t h i s  SRL were on hand (c f .  Table 1 , f o o t n o t e s  b and d f o r  t h e  source)  
prepared by d i f f e r e n t  methods from d i f f e r e n t  l i g n i t e s .  I n  a d d i t i o n  t h e s e  
samples were compared t o  a n  SRC prepared from bituminous c o a l .  The two 
SRL samples vary i n  t h e i r  p r o p e r t i e s  which a r e  summarized i n  Table  3 .  
Over a l l  t h e r e  is more s i m i l a r i t y  between t h e  t h r e e  samples than  between 
bituminous and l i g n i t e  c o a l s .  
c o l l e c t e d  f o r  a reduced SRL d i s t i l l a t i o n  f r a c t i o n  prepared by c a t a l y t i c  
hydrogenation of KC-SRL. 

Two types  of 

A l s o  included i n  Table  3 is  t h e  d a t a  

I n f r a r e d  s p e c t r o s c o p i c  measurements on t h e  SRL and SRC samples showed 
the 'absence  of a carboxyl ic  a c i d  band n e a r  1700 cm-'. Mixtures  of benzoic  
a c i d  wi th  a KC-SRL sample showed t h a t  a s  l i t t l e  as 0.1 meq. of benzoic  
a c i d  per  gram of SRL could  have been r e a d i l y  d e t e c t e d .  
t h a t  a carboxyl ic  a c i d  anion absorp t ion  might be p r e s e n t  under t h e  s t r o n g  
band near  1620 cm-' w a s  e l imina ted  by t r e a t i n g  t h e  SRL wi th  concent ra ted  
hydrochlor ic  a c i d  fol lowed by dry ing  under n i t r o g e n  ( t o  prevent  air  
oxida t ion) .  The i n f r a r e d  spectrum was i d e n t i c a l  wi th  unt rea ted  SRL. 
These r e s u l t s  are c o n s i s t e n t  wi th  the  low carboxyl ic  a c i d  conten t  of SRL 
infer red  from t i t r i m e t r i c  d a t a  and t h e  chemical  c o n d i t i o n s  f o r  i t s  formation.4 
The t o t a l  a c i d i t y  of SRL and SRC samples could not  have had more t h e  ca 5% 
c o n t r i b u t i o n  from carboxyl ic  a c i d  groups as a maximum. 
absorp t ion  was, however, found i n  the s p e c t r a  of unprocessed l i g n i t e  and 
a i r  oxidized SRL. 
t o  t h a t  repor ted  f o r  bi tuminous c o a l , 5  b u t  q u i t e  d i f f e r e n t  from t h a t  of 

The p o s s i b i l i t y  

Carboxyl ic  a c i d  

I n t e r e s t i n g l y , t h e  i r  spectrum of SRL w a s  a lmost  i d e n t i c a l  
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unprocessed l i g n i t e .  

The NMR spectrum of SRL i n  d e u t e r a t e d  pyr id ine  showed t h r e e  broad 
absorp t ions  cenLered a t  6 1.2 ,  2.5 and 7.3 ppm. These were ass igned  t o  
t h e  a l i p h a t i c  hydrogens (Hal ip) ,  t h e  a l i p h a t i c  hydrogens a d j a c e n t  t o  
aromatic r i n g s  (%) (and thus  desh ie lded)  and t h e  aromatic  r i n g  hydrogens 
(Har), r e s p e c t i v e l y .  The r a t i o  of aromatic  t o  a l i p h a t i c  pro tons  w a s  
0.73? .02 f o r  504-SRL but  much h igher  f o r  KC-SRL a t  2.15%.07 and i n t e r -  
mediate f o r  SRC a t  1.0520.01. This  compares t o  0.75 repor ted  f o r  bitum- 
inous c o a l .  
of protons i n  504-SRL could be exchanged. 

NMR deuterium exchange s t u d i e s  revea led  t h a t  2 . 5  meq p e r  gram 

The u l t r a v i o l e t  and v i s i b l e  s p e c t r a  of bo th  types of SRL i n d i c a t e  a 
cons iderable  aromatic  reg ion  absorp t ion  below 300 nm and f e a t u r e l e s s  
absorp t ion  a c r o s s  t h e  v i s i b l e  reg ion  decreas ing  a t  longer  wavelengths .  
504-SRz. showed only a smoothly decreas ing  a b s o r p t i o n  i n  t h e  300-400 nm 
region b u t  KC-SRL had shoulders  a t  322 and 336 nm. The E1% a t  320 nm was 
s e l e c t e d  a s  an absorp t ion  which s h o u l d . i n d i c a t e  t h e  degree of polyaromatic  
condensed r i n g  s t r u c t u r e  and i s  a l s o  given i n  Table 3 ( a l l  polycondensed 
r i n g  systems absorb a t  t h i s  wavelength whereas benzene does n o t ) .  
solvent  pyr id ine  was s e l e c t e d  t o  i n s u r e  complete s o l u b i l i t y  of t h e  SRLs 
and SRC whi le  a l lowing s a t i s f a c t o r y  absorp t ions  s t u d i e s  down t o  310 nm. 
The E'' f o r  t h e  reduced f r a c t i o n  i s  a l s o  included i n  Table 3. 

The 

The number average molecular  weights  of t h e  SRLs (504 and K C ) ,  SRC 

The 400 t o  700 range f o r  t h e  
and the  reduced f r a c t i o n  (Table 3) determined by vapor p r e s s u r e  osmometry 
i n  dimethyl formamide are r e l a t i v e l y  l o w .  
average molecular  weight before  reduct ion  makes a p p l i c a t i o n  of many 
s tandard chemical procedures  s t r a i g h t  forward. These v a l u e s  have r a t h e r  
l a r g e  p r e c i s i o n  e r r o r s  a s s o c i a t e d  with them and a more d e t a i l e d  s t u d y  of 
t h i s  d i f f i c u l t y  is planned. Never-the-less t h e  r e l a t i v e  v a l u e s  should be  
f a i r l y  r e l i a b l e .  

( d i s s o l v a b i l i t y )  w a s  measured f o r  39 s o l v e n t s  a t  room temperature. '  
These d a t a  are presented i n  Table 4. 
two or  t h r e e  de te rmina t ions  (except  a s  noted)  i n  g e n e r a l  wi th  good pre-  
c i s i o n .  The SRLs der ived  from d i f f e r e n t  v e h i c l e  s o l v e n t s  show d i f f e r e n t  
d i s s o l v a b i l i t i e s ,  a l though t h e  same r e l a t i v e  order  was genera l ly  fol lowed.  
This  is shown f o r  SRL(CAO), SRL(FS-120), SRL(Fue1 O i l  No. 5 ) ,  and KC-SRL 
i n  Table 5 .  

The amount of 504-SRL disso lved  by an excess  of a given s o l v e n t  

The v a l u e s  repor ted  a r e  averages of  

The d i s s o l v a b i l i t i e s ,  l i k e  t h e  a c i d i c  and b a s i c  t i t e rs ,  apparent ly  
r e f l e c t  some p r o p e r t i e s  of the  v e h i c l e  s o l v e n t ,  poss ib ly  because of 
r e s i d u a l  s o l v e n t  i n  t h e  SRL. Fue l  O i l  No. 5 SRL was much more s o l u b l e  i n  
both polar  and non-polar s o l v e n t s  than  504-SRL probably because of i t s  more 
a l i p h a t i c  na ture .  (Fuel  o i l  is more a l i p h a t i c  than an thracene  o i l ) .  504- 
SRL i s  t h e  l e a s t  s o l u b l e  i n  hexane probably r e f l e c t i n g  t h e  high a romat ic  
charac te r  and h igher  average molecular  weight .  

It is q u i t e  ev ident  from Tables  1-5 t h a t  SRLs der ived  from d i f f e r e n t  
v e h i c l e  s o l v e n t s  have somewhat d i f f e r e n t  p r o p e r t i e s .  An SRL prepared from 
the  same l i g n i t e  wi th  t h e  same v e h i c l e  s o l v e n t  w i l l  probably be f a i r l y  
c o n s i s t e n t  i n  p r o p e r t i e s  when prepared by t h e  same procedure ( c f .  SRL- 
504 p r o p e r t i e s ) .  
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The f a c t  t h a t  t h e  SRL takes  on some of t h e  a c i d i c ,  b a s i c  and d i s s o l -  
v a b i l i t y  c h a r a c t e r i s t i c s  of t h e  v e h i c l e  s o l v e n t  i s  understandable ,  Of 
course i n  a commercial process  t h e  v e h i c l e  so lvent  w i l l  be c o a l  der ived .  
A t  any r a t e ,  t h e s e  d a t a  i n d i c a t e  t h a t  t h e  q u a l i t y  a s  w e l l  as t h e  q u a n t i t y  
of t h e  c o a l  der ived  v e h i c l e  so lvent  w i l l  be c r i t i c a l .  

U t i l i z i n g  t h e  d a t a  presented  i n  Tables  1, 2 and 3 t h e  more informat ive  
d a t a  in  Table 6 may be c a l c u l a t e d .  The average molecular  weight allowed 
c a l c u l a t i o n  of  a n  average  molecular  formula,  t h e  uv a b s o r b i t i v i t y  ( a t  320 
nm) and t h e  number o f  e q u i v a l e n t s  of a c i d  and base  per  average molecule. ... 

This  a n a l y s i s  c a n  b e  c a r r i e d  f u r t h e r  by i n c l u s i o n  of t h e  nmr d a t a .  
The method of a n a l y s i s  h a s  been d iscussed  previous ly  by  other^.^ 
nmr spectrum is s e p a r a t e d  q u a n t i t a t i v e l y  i n t o  t h r e e  a r e a s ;  t h e  aromatic  
protons (H ) t h e  a l i p h a t i c  protons a d j a c e n t  t o  a r y l  r i n g s  (b) and a l l  
o t h e r  a l ipf%t ic  pro tons  (H ). 
F i r s t ,  t h e  average  number gf hydrogens on carbons a t tached  t o  a r y l  r i n g s  
(X) must be f i x e d .  A l l  c a l c u l a t i o n s  were made wi th  t h i s  va lue  f i x e d  a t  
X=2.00. This  va lue  i s  c l o s e  but  n o t  c o r r e c t  f o r  every sample. However, 
t h e  r e l a t i v e  v a l u e  of  t h e  parameters  c a l c u l a t e d  appear  v a l i d .  Secondly, 
t h e  average number of  hydrogens on carbons a t t a c h e d  t o  a r y l  r i n g s  was 
assumed t o  be  t h e  same as t h e  average number of hydrogens a t tached  t o  
a l i p h a t i c  carbons away from a r y l  r i n g s .  Furthermore, a l l  t h e  oxygen w a s  
assumed t o  be  a t t a c h e d  t o  a r y l  r i n g s .  The phenol hydrogens a r e  known t o  
b e  under t h e  a r y l  pro ton  a b s o r p t i o n  i n  t h e  nmr s o  t h a t  only non a c i d i c  
oxygen w a s  used i n  t h e  c a l c u l a t i o n s  ( i e .  t h e  d i f f e r e n c e  between t h e  moles 
of oxygen and t h e  moles of  phenol per  mole of average molecules was used 
f o r  the  oxygen t o  c o r r e c t  Har) .  L a s t l y ,  t h e  s u l f u r  and n i t r o g e n  c o n t e n t s  
w e r e  low and w e r e ,  t h e r e f o r e ,  ignored.  Using t h e  d a t a  and t h e s e  assump- 
t i o n s  it was p o s s i b l e  t o  c a l c u l a t e  the  fol lowing:  t h e  average number of 
aromatic  carbons p e r  average molecule (Ca), t h e  average number of aromatic  
r i n g s  per  average molecule  (R ),  t h e  average number of hydrogens on t h e  
average a romat ic  p o r t i o n s  of ?he average molecule a f t e r  a l l  s u b s t i t u e n t s  
have been rep laced  w i t h  hydrogen (Ha), t h e  average number of aromatic  edge 
atoms which a r e  s u b s t i t u t e d  (u) and t h e  average length  of a l i p h a t i c  s i d e  
c h a i n s  a t t a c h e d  to  the a r y l  r i n g s  (C9.). The d e t a i l s  of t h e  c a l c u l a t i o n s  
a r e  summarized b r i e f l y  i n  t h e  Experimental Sec t ion .  

The 

Severa l  assumptions a r e  made i n  the  a n a l y s i s .  

The purpose of  i n c l u d i n g  i n  t h e  a n a l y s i s  t h e  f r a c t i o n  59-3, a reduc- 
t i o n  f r a c t i o n  of KC-SRL b o i l i n g  a t  139-200 C (1 T o r r ) ,  was t o  compare t h e  
out l ined  a n a l y s i s  i n  s o  f a r  as p o s s i b l e  wi th  a d e t a i l e d  mass s p e c t r a l  
a n a l y s i s  c a r r i e d  o u t  on t h i s  f r a c t i o n  by Gulf O i l  Company a t  our  r e q u e s t .  
The Gulf a n a l y s i s  showed t h a t  59-3 was 100% aromat ic ,  & a l l  c o n s t i t u e n t  
compounds had an a romat ic  moiety. The mass s p e c t r a l  type a n a l y s i s  gave 
t h e  percent  composi t ion of t h e  mixture  i n  terms of g e n e r a l  types  of 
molecules of a romat ic  and hydroaromatic s t r u c t u r e .  From t h e i r  molecular  
formula assignments  s t r u c t u r a l  ass ignments  were made by assuming for each 
molecular formula t h e  g r e a t e s t  number of aromatic  r i n g s .  From t h e  
s t r u c t u r a l  ass ignments  and t h e  mole percent  of each i n  t h e  mixture  i t  w a s  
p o s s i b l e  t o  o b t a i n  t h e  weighted average  f o r  C a ,  H and R shown i n  the  
f i r s t  e n t r y  of Table  7 .  
a n a l y s i s ,  the  d e v i a t i o n s  are g r a t i f y i n g l y  smal l .  The v a l u e  of X assumed 
a s  2.00 i n  t h e  nmr a n a l y s i s  cannot a l o n e  expla in  t h e  d e v i a t i o n s  from t h e  

Consider ing t h e  assumpti& mad8 i n  the  nmr 
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m s  ana lys i s .  
t h e  largest e r r o r  i n  Ha r a t h e r  than i n  Ca.  
g i v e  the same Ca as obta ined  from t h e  mass s p e c t r a l  a n a l y s i s  gave X = 2.062 
(Table 7 ,  e n t r y  3) .  With t h i s  v a l u e ,  however, Ha became lower (7.35) ,  thus  
increas ing  t h e  d e v i a t i o n  from t h e  m s  d a t a  va lue .  
a n a l y s i s  can be  brought  i n t o  cons is tence  wi th  t h e  m s  va lues  by a d j u s t i n g  X 
S O  a s  to g i v e  t h e  same Ha/Ca r a t i o ,  then i n c r e a s i n g  t h e  molecular  weight  of 
59-3 t o  g i v e  the  same Ca v a l u e  (Table 7 ,  e n t r y  4 ) .  The molecular  weight  
increase  (5.6 or  2.9%) is w i t h i n  experimental  e r r o r  of t h e  VPO method and 
t h e  X value c a l c u l a t e d  (1.967) i s  very  c l o s e  t o  t h e  o r i g i n a l  2.0 v a l u e .  
Thus the two ana lyses  are w i t h i n  experimental  e r r o r  of each o t h e r .  The 
d i f f e r e n c e s  i n  C 
e r r o r s  of both aga lyses .  
f o r  use on SRL and SRC samples by analogy;  however, carbon-13 nmr o f f e r s  a 
more systematic  approach t o  X v a l u e s  and we a r e  examining t h i s  p o s s i b i l i t y  
f u r t h e r .  The va lue  of X = 2.00 assumed f o r  t h e  SRLs and SRC must be near  
t h e  c o r r e c t  v a l u e  as t h e  above d a t a  shows and does provide a means of 
comparing t h e  samples. 

Because Ha was der ived  from Ca i t  would be reasonable  t o  assume 
Calcula t ion  of t h e  X necessary  t o  

The v a l u e s  from t h e  nmr 

and Ha v a l u e s  must ,  t h e r e f o r e ,  r e s u l t  from t h e  cumulat ive 
This  m s  procedure might be used t o  f i x  an X v a l u e  

I t  i s  i n s t r u c t i v e  t o  cons ider  t h e  d i f f e r e n c e s  between d i f f e r e n t  so lvent  
r e f i n e d  c o a l s  using t h e  d a t a  presented  i n  Table 6 .  By comparing t h e  average 
molar a b s o r b t i v i t y  of each SRL t o  t h e  average number of aromatic  r i n g s  
p r e s e n t ,  Ra, i t  appears  probable  t h a t  t h e  average molecule  i s  not  made up 
of only one polycondensed aromatic  moiety. For example, 504-SRL wi th  
Ra  = 7.94 r i n g s  and E320 = 32,000 cannot  have seven o r  e i g h t  r i n g s  poly- 
condensed because most r i n g  systems t h i s  s i z e  have molar a b s o r b t i v i t i e s  
between 50,000 and 150,000 a t  t h i s  wave length .  A combination of two o r  
t h r e e  chromophores of smal le r  s i z e  connected by s h o r t  cha ins ,  however, could 
expla in  t h e  observed average v a l u e s .  

It a l s o  appears  f o r  our  samples t h a t  from 0 . 5  t o  1 . 4  e q u i v a l e n t s  of 
a c i d i c  groups a r e  p r e s e n t  per  average mole. Because of t h e  l a c k  of carbonyl  
absorp t ion ,  t h i s  probably means somewhere near  one phenol ic  f u n c t i o n  per  
average molecule .  The remainder of t h e  oxygen probably i s  p r e s e n t  mainly a s  
e t h e r s .  The amount of n i t rogen  seems w e l l  d iv ided  between b a s i c  and non 
b a s i c  groups probably both aromatic  ( p y r i d i n e  and p y r r o l e  l i k e  r e s p e c t i v e l y )  

Comparison of 504-SRL wi th  KC-SRL. 

504-SRL has  a higher  molecular  weight ,  a h igher  degree of a r y l  s u b s t i -  
t u t i o n  (Fa) and longer  cha ins  a s  s u b s t i t u e n t s  (CQ) than KC-SRL. 
accounts f o r  t h e  lower (Har/Hal) r a t i o  f o r  504-SRL. KC-SRL has  smal le r  
molecules which have a h igher  degree of aromatic  c h a r a c t e r  (88% of KC-SRL 
carbons a r e  aromatic  bu t  only 77% of 504-SRL carbons a r e  aromatic ,  c f . ) .  
In addi t ion  504-SRL has  more than one e q u i v a l e n t  of phenol per  molecule  
while  Kc-SRL has  s l i g h t l y  more than  one h a l f  an equiva len t  per  molecule. 
KC-SRL i s  a l s o  l e s s  b a s i c  b u t  only s l i g h t l y  ( t h e  d i f f e r e n c e  i n  t h e  number 
of equiva len ts  p e r  mole is only 0 .17 ) .  

This  

These d i f f e r e n c e s  could a r i s e  from t h e  d i f f e r e n t  l i g n i t e s  used i n  
t h e i r  p repara t ion  but  f o r  reasons  d iscussed  below i t  seems more reasonable  
to  a t t r i b u t e  t h e  d i f f e r e n c e s  t o  t h e  d i f f e r e n t  modes of prepara t ion .  The 
d a t a  i n d i c a t e s  504-SRL was prepared under condi t ions  which allowed b e t t e r  
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reduct ion  b u t  poorer  “depolymerizat ion” than were t h e  condi t ions  f o r  KC-SRL 
prepara t ion .  
base  t i ters of KC-SRL. 
deoxygenation, o r  perhaps t h i s  could be caused by g r e a t e r  a t t a c k  a t  
phenol ic  r i n g s  fol lowed by c leavage ,  dehydrat ion and reduct ion .  

The l a t t e r  could a l s o  be  r e s p o n s i b l e  f o r  t h e  lower a c i d  and 
Greater depolymerizat ion might a l s o  means g r e a t e r  

Comparison of SRLs t o  SRC. 

A s i m i l a r  d e t a i l e d  comparison of SRC wi th  t h e  SRLs is very  i n t e r e s t i n g .  
Nearly a l l  c r i t i ca l  comparisons put  SRC c l o s e  t o  o r  between t h e  v a l u e s  of 
t h e  two SRLs. Only t h e  molar a b s o r b t i v i t y  and t h e  number of equiva len ts  
of base permole are margina l ly  o u t s i d e  t h e  v a l u e s  of t h e  SRLs. 
i n d i c a t e  a g e n e r a l  i n s e n s i t i v i t y  of p r o p e r t i e s  of t h e  products  t o  t h e  
g e n e r a l  mode of p r e p a r a t i o n  and t h e  source  of c o a l .  
minous c o a l s  g i v e  s o l v e n t  r e f i n e d  products  which are more similar t o  each 

o t h e r  than a r e  t h e  s t a r t i n g  coa ls .  Care must be  exerc ised ,  however, i n  
concluding t h e  g e n e r a l  s i m i l a r i t y  o r  divergence of p r o p e r t i e s  of SRC VS. 

SRL from our l i m i t e d  d a t a  due t o  s t o r a g e  t i m e s  and sample p r e p a r a t i o n  
d i f f e r e n c e s .  

These f a c t s  

Both l i g n i t e  and b i t u -  

W e  f e e l  t h e  conclus tons  drawn about  t h e  r e l a t i v e  p r o p e r t i e s  of these  
p a r t i c u l a r  samples are v a l i d .  It must be remembered, however, t h a t  t h e s e  
samples a r e  probably n o t  r e p r e s e n t a t i v e  of what w i l l  be produced by p l a n t  
o r  p i l o t  p l a n t  o p e r a t i o n  but  r e p r e s e n t  samples and experimental  procedures  
which we had a v a i l a b l e  t o  develop our  comparisons. A much more sys temat ic  
i n v e s t i g a t i o n  of t h e  dependence of s o l v e n t  r e f i n e d  c o a l  p r o p e r t i e s  on 
l i q u e f a c t i o n  c o n d i t i o n s  and c o a l  source  may o r  may n o t  v e r i f y  t h e  pre- 
l iminary  i n d i c a t i o n s  w e  r e p o r t  here .  

The comparison, however, can be made reasonably w e l l  with r e a d i l y  
a v a i l a b l e  a n a l y s e s ,  without  ted ious  s e p a r a t i o n s .  A n a l y t i c a l  accuracy and 
prec is ion  are a t  p r e s e n t  e i t h e r  undefined o r  too  h igh  and w e  a r e  a t tempt ing  
t o  r e a l i s t i c a l l y  a s s e s s  the  e r r o r s  i n h e r e n t  i n  t h e  assumptions by more 
d e t a i l e d  s e p a r a t i o n s  and de termina t ions  and by d i f f e r e n t  ana lyses .  

P r o j e c t i o n s  

Because of i n t e r e s t  expressed p r i v a t e l y  i n  our  pro jec ted  computer 
modeling s t u d y ,  i t  seems worth while  t o  o u t l i n e  t h e  approach we a r e  tak ing  
i n  t h i s  a n a l y s i s  and to  p o i n t  o u t  some of t h e  problems. 

Any molecular  proper ty  of t h e  mixture  which can be expressed as t h e  
sum of t h e  p r o p e r t i e s  of t h e  c o n s t i t u e n t  compounds i n  t h e  mixture  can be 
used t o  set up an equat ion  express ing  t h i s  r e l a t i o n s h i p .  For example, t h e  
average molecular  weight  of a mixture  i s  t h e  weighted average of t h e  
molecular weights  of t h e  c o n s t i t u e n t  compounds: 

c x  + c x  + c x  + “ ” “ ’  CnX, =xmix L L  2 2  3 3  

C. = mole f r a c t i o n  of i 

Xi = m o l e c u l a r  weight  of i 
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We do not  know t h e  molecular  formula f o r  t h e  c o n s t i t u e n t  compounds 
i n  the  mixture  of a SRL. 
a r e  known and can be  r e l a t e d  t o  t h e  p r o p e r t i e s  of t h e  mixture .  Thus, a 
s e r i e s  of equat ions  conta in ing  Ca, Ha, b a s i c  and a c i d i c  t i ters and t h e  
u l t r a v i o l e t  s p e c t r a l  d a t a  can be set  up i n  terms of t h e  aromatic  p o r t i o n  
Of the  c o n s t i t u e n t  molecules .  
acid and base  t i t e r s  of 0.0 wi th  t h e  u l t r a v i o l e t  spectrum e x t r a c t e d  from 
t h e  l i t e r a t u r e  us ing  t h e  molar a b s o r b t i v i t y  a t  as many wavelengths a s  
des i rab le .  With t h i s  d a t a  f o r  a wide s e l e c t i o n  of compounds, a series of 
l i n e a r  equat ions  can be set up i n  a mat r ix  form which w i l l  d e s c r i b e  t h e  
general  p r o p e r t i e s  of t h e  mixture  i n  terms of t h e  p r o p e r t i e s  of t h e  aro-  
matic ( n e u t r a l ,  b a s i c  and a c i d i c )  m o i e t i e s  of t h e  c o n s t i t u e n t  compounds. 
I n  p r i n c i p l e  a m a t r i x  of t h i s  s o r t  can be so lved  e x a c t l y  t o  g i v e  t h e  
mole f r a c t i o n  of each aromatic  component. I n  p r a c t i c e ,  t h e  method of 
matr ix  s o l u t i o n  is apparent ly  c r i t i c a l  as i s  t h e  p a r t i c u l a r  b a s i s  set of 
poss ib le  c o n s t i t u e n t  compounds which are s e l e c t e d .  Methods of mat r ix  
s o l u t i o n  which a l low impost ion of l i m i t s  f o r  c e r t a i n  component mole 
f r a c t i o n s  (9. determined by s e p a r a t i o n  procedures ,  e t c . )  and methods 
allowing e s t i m a t i o n  of e r r o r s  a r e  c u r r e n t l y  being i n v e s t i g a t e d .  Further-  
more, t h e  e f f e c t  of t h e  p a r t i a l  redundancy of t h e  d a t a  must be  i n v e s t i -  
gated i n  d e t a i l  t o  provide t h e  b e s t  b a s i s  set of aromatic compounds. We 
hope t o  be a b l e  t o  d e s c r i b e  t h e  d e t a i l s  of t h i s  approach i n  t h e  near  
fu ture .  

The p r o p e r t i e s  c a l c u l a t e d  previous ly ,  however, 

For example, phenanthrene has  Ca = Ha = 10,  

Experimental Sec t ion  

General. 

Analyses w e r e  performed i n  t h e  Chemical Engineering o r  Chemistry 
Departments of t h e  Univers i ty  of North Dakota us ing  0.05 t o  0.5 g samples. 
Sulfur  a n a l y s i s  was performed using a Leco appara tus ;  n i t rogen  by a Keidahl 
procedure. 
Laboratory i n  dimethylformamide by vapor p r e s s u r e  osmometry. 
spec t ra  were determined on a Beckman 1R-12. 
on a Varian A-60. 

D i s s o l v a b i l i t y  S tudies  

Molecular weights  were determined by Spang Microanaly t ica l  
I n f r a r e d  

NMR s p e c t r a  were determined 

A sample of s o l v e n t  r e f i n e d  c o a l  o r  l i g n i t e  (0.15t0.2 g )  i n  30 m l  of 
the  so lvent  w a s  s t i r r e d  wi th  a magnetic s t i r r i n g  b a r  a t  room temperature  
(20-25°C) f o r  30 min. and then  f i l t e r e d .  The f i l t r a t e  w a s  f i r s t  evaporated 
t o  dryness  i n  a r o t a r y  evaporator  then  evacuated wi th  a vacuum pump f o r  30 
min more and weighed. 
d u p l i c a t e  o r  t r i p l i c a t e  wi th  t h e  percentage  s tandard  d e v i a t i o n s  of  1-4% f o r  
c l a s s  2 s o l v e n t s  and 1-18% f o r  c l a s s  s o l v e n t s  repor ted  i n  Table  4. 

T i t r a t i o n s .  A. Determinat ion of Basic  Content. 

P a r t i a l l y  d isso lved  samples were g e n e r a l l y  run  i n  

The amount of b a s i c  n i t r o g e n  i n  SRL o r  SRC was determined by t i t r a t i o n  
of a sample (50.3g) d isso lved  i n  50 m l  of n i t robenzene  and 5 m l  of g l a c i a l  
a c e t i c  a c i d  wi th  0 . 1 M  p e r c h l o r i c  a c i d  i n  dioxane s o l u t i o n .  The end p o i n t  
was determined p o t e n t i o m e t r i c a l l y  using a pH meter equipped wi th  a calomel 
and a s tandard  g l a s s  e l e c t r o d e s .  
the d a t a  i n  Table  2. Standard d e v i a t i o n s  ranged from 0.1% t o  2.5%, wi th  a n  

Dupl ica te  o r  t r i p l i c a t e  t i t r a t i o n s  gave 
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average of 1%. I 

b.  Determination of Acid Content. 

The amount of a c i d s  (phenols) i n  SRL and SRC were a l s o  determined by 
nonaqueous poten t iomet r ic  t i t r a t i o n .  
m l  of pyr id ine  and t i t r a t e d  under a n i t r o g e n  atmosphere with 0 . 1  M t e t r a -  
b u t y l  amonium hydroxide i n  d r y  benzene s o l u t i o n .  The poten t iomet r ic  end 
poin t  w a s  determined wi th  a pH meter coupled t o  a s tandard  g l a s s  e l e c t r o d e  
and a modified calomel  e l e c t r o d e  having a s l e e v e  type  e l e c t r o d e .  The 
calomel e l e c t r o d e  was modified by s u b s t i t u t i n g  anhydrous methanol f o r  
water i n  t h e  sa l t  b r i d g e .  
Table 2 .  

NMR Analysis  

A sample (<0.3g) was d isso lved  ir. 50 

Dupl ica te  o r  t r i p l i c a t e  runs  gave t h e  d a t a  i n  
Standard d e v i a t i o n s  ranged from 0.5 t o  5.4% with  an average of 2%.  

Brown Ladner 's  Aromat ic i ty  Equat ions.  

This  p r o c e d u r e  def ines  t h r e e  p a r a m e t e r s  i n  t e r m s  of the  p e r c e n t  compo-  

s i t ion  (carbon,  hydrogen  and oxygen only)  and t h e  n m r  s p e c t r u m :  

Fa, a , Ha/Ca 

Fa = CT, (Ha* + E) 
H _ -  7 y 

Har* + E + 
x HT 

Ha 
Ca = K.5 + Har* + OT-ga 
- 

X H T  

H T  
Fa 3 

9: 

C t  = Ha + Ho 
HCY 

Ra = Ca - Ced + 

2 

Where: 

CT= mole % carbon 

H F  mole % Hydrogen 

OF mole % oxygen 

0,. mole % a c i d i c  oxygen 

Ha* = &. = n o l a r  r a t i o  o f  hydrogen CL t o  aryl  ring t o  t o t a l  Hydrogen 
HN present  from nmr 
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Ho* = = molar r a t i o  o f  a l i p h a t i c  hydrogen n o t  LY t o  a ry l  r i ng  t o  t o t a l  
HN hydrogen present  f r o m  nmr. 

x = average r a t i o  o f  hydrogen t o  carbon on carbons CY t o  a ry l  r i ng  

y = average r a t i o  o f  hydrogen t o  carbon on a l p h a t i c  carbons no t  a t o  

Fa = the f r a c t i o n  o f  t o t a l  carbon present t h a t  i s  aromatic carbon = @ CT 

= the  average number o f  ava i l ab le  aromatic edge atoms which a re  

a ry l  r i ng  

subs t i t u t ed  by a l i p h a t i c  carbons.  & = & 
Ced Ha 

- _  !! - r a t i o  of s u b s t i t u t a b l e  edge atoms to  t o t a l  aromatic carbon. 

$ = average a l i p h a t i c  chain lenoth 

Ra = average r ing  s i z e  

Assumptions: 

All oxygen i s  a t tached  t o  a r y l  r i n g s  ( i e  phenol ic  o r  a r y l  e t h e r ) .  

Phenolic hydrogens are under a r y l  absorp t ion  i n  nmr 

NMR of Ar-0-CH 

That x = y = 2.00. 

The equat ions  presented above are a s l i g h t  modi f ica t ion  of t h e  

I 

protons under H a  absorp t ions  
-2 

o r i g i n a l s  t o  compensate f o r  t h e  measured a c i d i t y  of the  SRC samples. 

Procedure : 

NMR: the  nmr spectrum is div ided  i n t o  a r y l  (6c6.5 ppm) H a  (3.5 - 5.5 ppm) 
and Ho (0.5 - 3.5 ppm) reg ions  from which Ha*, Ho*and H6 '  can be  c a l c u l a t e d .  
The values  repor ted  are t h e  average of four  t o  s i x  i n t e g r a t i o n s  a t  a low 
r f  f i e l d  t o  prevent  s a t u r a t i o n  e f f e c t s .  The nmr spectrum was run i n  
perdeutero p y r i d i n e  us ing  octamethylcyclotetrasiloxane a s  s tandard .  The 
r a t i o  of r e s i d u a l  pyr id ine  proton absorp t ions  t o  t h e  s tandard  a b s o r p t i o n  
was c a l i b r a t e d  p r i o r  t o  d i s s o l v i n g  t h e  sample and subt rac ted  away from Har 
of the  sample i n t e g r a l .  The low v o l a t i l i t y  of t h e  s tandard  f a c i l i t a t e d  
reproducib le  pyr id ine :  s tandard  r a t i o s .  
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7. (For a r e c e n t  
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- S R L ~  

504 CAOC 

504 CAOC 

KC CAOd 

FS 120e 

Tar  S2f 

Fuel O i l  #5g 

h Exxon HAN 

SRC-88-18i 

N. D. L i g n i t e  

Bituminous Coal J 

59-3 k 

Table I 

A n a l y t i c a l  Dataa for  SRLs f rom 

D i f f e r e n t  R e f i n i n g  Sol vents 

C - 

85.57 

88.06 

89.14 

89.27 

90.10 

87.63 

86.93 

87.55 

60-65 

70-90 

90.62 

W t %  - 

H 

5.62 

5.60 

5.46 

5.81 

5.79 

8.74 

7.01 

5.38 

4-4.5 

4.5-5.5 

8.35 

- 

4 3  

N - 

1.83 

1.70+.23 

1.46 

0.85 :. 025 

0.68 

1.01 

1.84 

2.11 

0.5-1 

1 .O-1.5 

0.55 

S 

0.30 

0.26 

0.52 

0.96 

0.60 

1.34 

0.24 

0.68 

- 

0.7-1 .O 

1 .o-2.0 

0.19 

0 

6.57 

4.38 

3.18 

2.98 

2.77 

1.20 

3.98 

4.21 

20 

5-20 

- 

0.05 

Ash 

0.11 

- 

0.24 

0.13 

0.06 

0.08 

0.07 

6-7.5 

1-2 



a. Analyt ical  d a t a  determined by Project  Ligni te  (except  SRC-88 and KC-SRL) 

on a moisture  f r e e  bas i s .  

These samples were prepared by Project Ligni te  i n  batch autoclave s tud ie s ;  

runs 504 and 505 were dupl ica te  runs (condi t ions :  i n i t i a l l y  1000 psi  of 

1 : l  HzCO a t  room temperature then heated t o  400' C .  f o r  30 m i n . ;  f i l t e r  

a t  200" C .  SRL is vacuum bottoms from d i s t i l l a t i o n  t o  255-270' '2 1.6 Torr) .  

Chi l led anthracene o i l ,  CAO, ibp 234, 3% 234-269OC; 22%, 269-314°C; 36% 

314-354°C; 38.3% 354-residue. 

Sample prepared i n  a labora tory  continuous flow apparatus  by Spencer 

Chemical Co. (now Pi t t sburgh  and Midway Coal Co. a subs id ia ry  o f  % I f  Oil 

Co.) Kansas C i t j  

b. 

c. 

d. 

e. FS - 120:  a petroleum feedstock,  ibp.  316"C, 97% l e s s  than 354°C a t  

atmospheric pressure .  

Tar S2:  bottoms from steam cracking petroleum res idues  a t  atmospheric 

pressure,  ibp. 271" C;  21% a t  268-313OC; 24% a t  313-353" C ;  55% a t  353 

3513~ residue.  

f .  

g. Fuel Oil  Number 5: ibp. 276OC; 0.5% 268-313; 3% 313-353"; 96% 353 residue 

h .  Exxon HAN, ibp 214OC; 9% 209-234'; 70% 234-269'; 19% 269-314";1% 314-354"; 

0.5% 354' res idue.  

i .  SRC-88-18: a s o l v e n t  ref ined coal prepared by P i t t s b u r g h  and Midway Coal 

Co. in a continuous flow apparatus. (condi t ions:  coa l ,  Kentucky #9 and 

#14 blend bituminous in a 33% s l u r r y  w i t h  a p a r t i a l l y  hydrogenated an thra-  

cene o i l ;  temperature 425-450; hydrogen pressure o f  1500 p s i ;  feed r a t e  

520 g / h r . )  

j. W .  A. Bone and G. W .  Himus, "Coal, I t s  Cons t i tu t ion  and Uses", Lengmuns, 

Green and Co. , N .  Y., 1936. Chap. 4 and 5 .  

k .  KC-SRL reduct ion f r a c t i o n  

1 .  The oxygen and ni t rogen analyses  courtesy of DuPont de Nemoirs CO. 

4 4  



Ref in ing  
Sol vent a 

S RL - 
504 CAO 

505 CAO 

KC CAO 

FS 120 

Tar S2 

Fuel O i l  #5 

Exxon HAN 

SRC-88 

Table 2 

A c i d  T i t e r  (meq/g) 

SRL Sol ven t  

2.18 0.453 

2.10 NA 

1.34 NA 

1.53 0.032 

1.49 0.196 

0.69 0.090 

2.48 0.007 

2.15 NA 

a. o f  Footnotes Table 1 3  

Table 3 

Sample 

P rope r t y  - 59-3 504-SRL 

Mw 195 620 

UV E& 77 514 

Har/Hal i P  0.459 0.729 

45 

Base T i t e r  (meq/g) 

SRL Sol vent 

0.614 0.403 

0.629 NA 

0.535 NA 

0.300 0.024 

0.288 0.022 

0.161 0.0056 

0.452 0.008 

0.82 NA 

KC-SRL 

400t40 

494 

2.250 

SRC-88 

563t34 

580 

1.066 



Table 4 

O i s s o l v a b i l  i t y  o f  Organic Sol vents 

f o r  504 SRL 

Sol ven t  
Class 1 

Nitromethane 

Pentane 

Heptane 

Hexane 

Carbon t e t r a c h l o r i d e  

Formic Ac id  

Methanol 

4 6  

% Dissolved 

6.3 

6.9 

7.9 

11.7 

20.2 

25.3 

32.4 



Sol vent 

Acetic Acid 

Ethanol 

1-Propanol 

1-Butanol 

Mesitylene 

Diethyl ether 

To1 uene 

Propanoic Acid 

Butoanoic Acid 

Benzene 

Phenyl acetate 

Acetone 

Oichloromethane 

1-Nitropropane 

Nitroethane 

Chloroform 

Anisole 

Butanone 

Ethylacetate 

Table 4 (cont.) 

% Dissolved 

Class 2 

47.1 

47.2 

50.8 

52.0 

52.6 

54.6 

58.2 

59.5 

59.3 

62.0 

67.0 

69.8 

69.8 

70.0 

70.4 

75.7 

77.1 

80.5 

84.0 
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Table 4 (cont . )  

Sol vent 

Class 3 

Methyl benzoate ( t r a c e  l e f t )  

Dioxane ( t r a c e  l e f t )  

Ace top henone 

Tetrahydrofuran 

Pyr i d ine  

Nitrobenzene 

Phenol 

Dimethyl su l foxide  

Dimethyl formamide 

n-Hexylamine 

n-Butyl amine ( t r a c e  l e f t )  

Dimethyl a n i l i n e  

Anil ine 

b 

% Oissol ved 

CA 100 

CA 100 

100 

100 

100 

100 

100 

100 

100 

100 

CA 100 

100 

100 

a .  Single  determination 

b. The same SRL from d i f f e r e n t  containers  have given 
varying s o l u b i l i t i e s  i n  t h i s  so lvent .  
p u r i t y  a l s o  has some e f f e c t .  

Solvent 
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D i s s o l v a b i l i t i e s  of SRLs 

5 04  - 
P y r i d i n e  100  

P h e n o l  100 

N i t r o b e n z e n e  100 

n - B u t y l a m i n e  100 

B e n z e n e  61.9 

n-Butanol  5 2  

95% E t h a n o l  47.0  

Methanol  32.4 

P r o p a n o l  50.8 

A m y l  Alcohol NA 

Hexane  11.6 

T a b l e  5 

KC 

100 

NA 

100 

100  

62. 2 

NA 

4 2 . 2  

40. 2 

NA 

NA 

NA 

- 

49 

FS- 120 

100 

100 

100 

100 

67.6 

63.5 

N A  

34.0 

NA 

NA 

NA 

F u e l  O i l  No. 5 

100 

100 

100 

100 

100 

91.3 

51 .5  

34.3 

86. 6 

9 6 . 8  

73.6 

i 
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Ms Data 

NMR Analysis 

& = 195 

& = 195 

MW = 195 

MW = 200.6 

Table 7 

Comparison of MS and NMR Data 

Fa 

0.635 

- X - 

- 

2.0 0.624 

2.06 0.635 

1.97 0.617 

1.97 0.617 

Ha/Ca 

0.819 

0.806 

0.784 

0.819 

0.819 

Ca 

9.368 

- 

9.201 

9.368 

9.096 

9.37 

Ra - Ha - 

7.673 1.848 (1.857) 

7.417 1.892 

7.348 2.01 

7.450 1.823 

7.67 1.848 
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